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Abstract 
The strain fields in tension were investigated for hybrid carbon fibre/self-reinforced 
polypropylene (SRPP) composites. Polypropylene tapes were co-woven with carbon 
fibre prepreg tapes and hot compacted into composite plates. Digital Image Correlation 
(DIC) was employed to measure the local surface strains during uniaxial tension. The 
geometry of the hybrid composite was modelled using WiseTex software and 
transferred to Abaqus for meso-finite element (FE) modelling using the embedded 
element method. The comparison between experiments and calculated strain patterns 
confirmed the validity of the meso-FE modelling for this complex weave architecture. 
The details of the strain fields were revealed in the FE results, whereas the DIC analysis 
averaged them out. This strain field information provides a foundation for the analysis 
of synergetic effects in hybrid composites. 
Keywords: Meso-finite element modelling; Embedded element method; Self-reinforced 
composites, Digital image correlation; Hybrid composites. 
1 Introduction 
Self-reinforced composites (SRCs) consist of oriented polymer fibres or tapes in an 
isotropic matrix of the same polymer. In comparison to traditional fibre-reinforced 
composites, SRCs are tougher, easier to recycle and have a better bonding between fibre 
and matrix [1-4]. Hot compaction is one of the common processes to make SRCs [2, 5, 
6]. In this process, the outer sheath of the fibre/tape melts and recrystallises to form the 
matrix upon cooling. The inner core of the fibres/tapes maintains high molecular 
orientation and acts as reinforcement [2, 6]. While SRCs possess excellent impact 
resistance, they are not stiff enough for structural applications. Such an issue is typically 
resolved by adding carbon fibres in the composite [7-14]. For SRC hybrids, intralayer 
hybrids of carbon fibre polypropylene (CFRPP) and self-reinforced polypropylene 
(SRPP) have proven to be a particularly successful combination [12, 15]. In such 
hybrids, CFRPP prepregs are co-woven with polypropylene (PP) tapes. After 
compaction, a CFRPP/SRPP hybrid composite is obtained. 
The SRPP weave architecture is already complex due to the partial folding of the tapes 
[16]. The addition of CFRPP prepreg tapes makes this architecture even more 
complicated [12]. The damage development in these hybrid composites is hence 
complex and can involve synergetic effects between CFRPP prepregs and PP tapes [17, 
18]. The damage mechanisms are a combination of debonding, delamination and 
damage within the PP tapes and CFRPP prepregs [12]. These damage mechanisms 
cause changes in the local strains, which are crucial in understanding the overall 
behaviour of the hybrid composite. Digital Image Correlation (DIC) can be used to gain 
more insight into the complex distribution of local strains. However, DIC can only 
measure surface strains, which are not necessarily the same as the internal strains due to 
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the complex architecture. DIC can however be a tool to validate models that do predict 
these internal strain distributions [19-21]. So far, DIC has not been applied yet to study 
strain fields in hybrid composites that contain yarns with very different stiffnesses. In 
this situation, high strain gradients are expected at the edges of the yarns.  
Therefore, meso-finite element modelling (FEM) is essential to understand and predict 
the composite mechanical properties and damage development [22-24]. The complex 
weave architecture however introduces two serious issues in traditional meso-FEM with 
continuous meshes in reinforcement and matrix regions: quality meshing of the matrix 
pockets [25] and elimination of yarn interpenetration [24, 26]. The weave architecture 
of intralayer hybrid CFRPP/SRPP is especially difficult to handle because of the high 
weave density and the additional interactions with the CFRPP prepregs. The embedded 
element method [27-31] and its analogues, such as superimposed meshes, independent 
meshes and M3 [32-35], can deal with these issues in a reliable manner. It has never 
been applied to hybrid textile composites, where its advantages can be decisive in the 
formulation of a solvable FE problem. 
This study is part of a larger one aiming to fully understand and predict mechanical 
properties and damage development in SRPP/CFRPP hybrid composites [11-15]. Here, 
the elastic behaviour of these hybrid composites is analysed in uniaxial tension. The 
stiffness and strength as well as strain patterns are obtained from tensile tests combined 
with DIC. The geometry of the complex weave architecture of SRPP/CFRPP is 
measured and converted into a geometric unit cell model by WiseTex [36, 37]. This 
geometry is then meshed and modelled using the embedded element method in Abaqus. 
The meso-FE unit cell is loaded in the warp and weft direction and the predicted strain 
profiles are compared to experimental results. 
2 Materials and experimental methods 
2.1 Materials 
Polypropylene (PP) tapes were provided by Propex Fabrics GmbH (Germany). These 
tapes were drawn 10-15 times, and had a linear density of 110 tex. Unidirectional 
CFRPP prepregs were sourced from Jonam Composites (UK). Their microstructure is 
revealed in Fig. 1. The thickness and width of these prepregs was 160 µm and 100 mm 
respectively. They were slit into tapes with a width of 2.5 mm. The volume fraction of 
the T700S carbon fibre in the prepreg was determined to be 32% using the matrix burn 
off method [12]. 
 
Figure 1: Microstructure of the CFRPP prepreg tape with PP-rich areas at the top and bottom of 
the prepreg. 
200 µm Embedding resin 
Embedding resin 
PP‐rich area 
PP‐rich area 
Fibre‐rich area 
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Propex Fabrics GmbH weaved the CFRPP prepregs into a hybrid fabric cloth that can 
be understood as a modified twill 2/2 weave of PP tapes. This twill architecture was 
modified by replacing one out of every six PP tapes in the weft direction by a CFRPP 
prepreg tape (see Fig. 2a). The prepregs were, however, only interlaced with the PP 
tapes every four tapes. This puts the prepreg tapes more towards one side of the fabric 
(see Fig. 2a and b). As can be seen in the inset of Fig. 2a, the PP tapes did not all have 
the same width: some tapes were approximately two times wider than others. This is 
explained by folding of the tapes during the weaving process [16]. All the PP weft tapes 
are folded. The PP warp tapes that were interlaced with CFRPP tapes were folded, 
whereas the uninterlaced warp PP tapes were not folded (see Fig. 2a). 
The weave of the PP tapes was very dense, as both the warp and weft tapes overlapped 
with their neighbours. During hot compaction, the outer layer of these tapes melts and 
forms the matrix of the self-reinforced composite. The core of the tapes will not overlap 
anymore and form the final reinforcement architecture. As will be explained later, all 
these features were taken into account in the geometric model of the composite.  
 
Figure 2: The hybrid SRPP/CFRPP fabric: (a) front side with the CFRPP prepregs clearly visible, 
and (b) back side with the CFRPP prepregs shining through. The dashed rectangle in the inset 
represents the unit cell of the weave. 
2.2 Production 
Eight woven C/PP layers of 320×320 mm were stacked in (0/90/0/90)s layup, where “0” 
or “90” designates the orientation of the CFRPP tapes. The prepreg sides of the hybrid 
fabrics were always placed towards the closest outside of the layup to ensure a 
symmetric configuration. This means that the four bottom layers had the prepregs facing 
downwards, whereas they faced upwards for the four top layers. The layup was placed 
in between two aluminium cover plates and put into a pre-heated hot press. The 
compaction temperature of 188°C was applied for 5 min, after which the press cooled 
down to room temperature in 5 min. The applied pressure was 3.9 MPa throughout the 
process. 
The carbon fibre volume fraction Vf in the compacted sheets was calculated as follows. 
A 100 cm² specimen of the hybrid fabric was weighed. The prepregs were then carefully 
2 cm
Warp 
Weft
(a)  (b)
 Unit cell 
Composite Structures 132 (2015) p. 864-873. 
DOI: 10.1016/j.compstruct.2015.07.018 
 4
drawn out of the fabric and weighed separately. These measurements are combined with 
a density of 920 kg/m³ for PP, 1800 kg/m³ for carbon fibre and the measured Vf of the 
prepregs. This calculation resulted in a carbon fibre volume fraction of 7% for the 
hybrid composite. The calculation requires the assumption that no PP is lost during 
compaction. This is realistic, as no material flows out during production. 
2.3 Tensile tests and full-field strain measurement  
Tensile tests were performed according to the ASTM D3039 standard. The specimens 
were cut in the 0° and 90° direction in relation to the direction of the CFRPP tapes on 
the surface of the plate. The 250×25 mm composite samples were water jet cut and 
sprayed with white and black acrylic spray over a length of 75 mm. The obtained 
speckle pattern will be used to perform DIC. Five tensile tests were performed in both 
directions using an Instron 4505 tensile machine with a load cell of 100 kN. The X 
direction refers to the orientation where the outer CFRPP prepreg tapes were aligned 
with the tensile specimen. The Y direction refers to the orientation where the outer 
CFRPP tapes were perpendicular to the loading direction. The surface strain fields in 
both directions can significantly differ, even though the tensile properties are expected 
to be similar. 
Sand paper was used to ensure sufficient friction between the specimen and the grips. 
The gauge length was 150 mm, and the specimens were tested at a strain rate of 5 
%/min. Every 500 ms, an image of the tensile specimen was taken. All strain fields 
were correlated using Limess Vic2D 2009 at a subset and step size of 15 and 3 pixels 
respectively. 
The strain was registered using DIC until failure of the CFRPP prepreg tapes. When 
they failed catastrophically, the surface of the specimen was severely damaged. After 
this point, the DIC strain measurements were not reliable anymore. The approach 
described by Swolfs et al. [12, 15] was used for estimating the strain afterwards. The 
average surface strain was used until failure of the CFRPP, after which the strain is 
calculated from the corrected crosshead displacement. This was found to be a reliable 
and efficient approach for hybrid self-reinforced composites. The tensile modulus was 
calculated from the slope of the stress-strain curve for strains ranging from 0.8% to 1%. 
This was necessary to avoid the initial non-linearity, caused by straightening of the 
CFRPP tapes in a compliant PP matrix. 
2.4 Geometric model of the hybrid fabric 
The geometric model of the reinforcement was built using the WiseTex software [36, 
37]. The input data was acquired using measurements of the reinforcement geometry 
and is shown in Table 1. The yarn dimensions, ends and picks count were measured on 
the hybrid fabric (see Fig. 2). The thickness of the CFRPP prepregs in the compacted 
sheet was measured on cross-sectional microscopy images. The width was measured on 
the surface of the compacted specimens. The thickness of the remaining PP tapes after 
hot compaction was adjusted, so that the thickness of the reinforcement layer in the 
sheet agrees with the measured value of the sheet thickness. It was assumed that the 
yarn spacing was not changed during hot compaction. The tape core area after 
compaction was assumed to be 80% of the cross section area of the PP tape [38, 39]. 
The width of the core of the PP tapes was calculated based on the tape core area and 
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thickness. The slight differences between the geometry of the hybrid fabric before hot 
compaction and the reinforcement geometry of the compacted sheet are shown in Table 
1. 
Due to overfeeding of the PP tapes during weaving [16], some PP tapes were partially 
folded. Therefore, narrow and wide PP tapes were present in the hybrid fabric. The 
width of narrow PP tapes was measured to be 1.75 times less than the width of unfolded 
tapes. The same ratio was maintained in the geometric model. The CFRPP prepreg tapes 
and the narrow PP tapes were assumed to have elliptical cross-sections, whereas the 
cross-section of the wide PP tapes was assumed to be rectangular. The volume fraction 
of carbon fibres inside the prepreg tapes after hot compaction was estimated using the 
measured overall Vf of the carbon fibres in the fabric combined with the Vf of the 
CFRPP tapes in the fabric. The latter was determined by their dimensions and picks 
count. The carbon fibre volume fraction inside the prepreg tapes in the compacted sheet 
was estimated to be 57%. This value differs from the Vf in the prepreg tape before 
weaving and compaction (32%) because of the resin-rich zones on the surface of the 
prepregs (see Fig. 1). These zones will end up as matrix in the hybrid composite and 
cannot be distinguished from the rest of the matrix material. 
The geometric model of the hybrid composite was built based on the twill 2/2 PP tape 
weave pattern. One out of every six PP tapes in the weft direction was replaced by a 
CFRPP prepreg. This CFRPP prepreg was interlaced with the twill 2/2 pattern only 
once out of every four warp PP tapes. The modelled geometry (see Fig. 3) corresponds 
as accurately as possible to the one shown in the inset of Fig. 2a. Note that the exact 
position of the PP tapes in the actual fabric does deviate from the average position. 
 
Figure 3: The unit cell of the hybrid fabric: (a) geometric unit cell built by WiseTex, and (b) 
photograph of the real unit cell. 
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3 Finite element model 
The WiseTex geometric model of the hybrid self-reinforced composite (see Fig. 3a) was 
transferred to Abaqus using a Python script. Then, the embedded element (EE) method 
was applied for meso-FE modelling. 
The 1, 2, 3 directions in the local coordinate system of the warp yarns are along the X, -
Y and -Z directions in the global coordinate system. In the weft yarns, the 1, 2, 3 
directions correspond to the X, Y, Z directions in the global coordinate system.  
A small volume loss occurs during the transfer of the geometric model to Abaqus. This 
is a result of the approximate representation of the cross-sectional geometry after 
replacement of elliptical contours with a set of straight boundaries of the elements. The 
fibre volume fraction Vf in the yarns should therefore be corrected based on the 
following relation: 
R Y
f
U Y
V (Abaqus) A (Abaqus)V (Abaqus)
V A (WiseTex)
  ,      (1) 
where Vf is the fibre volume fraction in the yarns after transferring to Abaqus, VR is the 
overall volume of the reinforcement in Abaqus, VU is the total volume of the unit cell, 
and AY is the cross-sectional area of a single yarn. Values for Vf(Abaqus) were used for 
calculation of the homogenised yarn properties. 
The EE method is based on mesh superposition: the matrix (host part) and 
reinforcement (embedded part) are meshed separately, but the meshes are superimposed 
onto each other [40]. The translational degrees of freedom of the embedded part are 
related to the translational degrees of freedom of the host part using the weighted 
average functions [27, 41]. 
The embedded element method leads to a good quality mesh in the matrix and in the 
yarns and solves the interpenetration problem [24] by applying a contact constraint 
between the reinforcement parts [28, 31]. In this study, the “surface-to-surface” contact 
algorithm with “node adjustment” was applied. The volume redundancy effect in the 
superimposed regions was compensated as follows [31]: 
em b r mD D D                    (2) 
where  D  was the constitutive stiffness matrix for the reinforcement “r”, elements in 
the embedded region “emb” or matrix “m”. The stress components in the reinforcement 
were recalculated during post-processing as: 
   f r em bσ D ε                         (3) 
where emb were the strains calculated in the embedded region. 
Fig. 4 shows the meshed unit cell of the hybrid composite. The unit cell, constructed 
based on the geometric WiseTex model, consists of a single layer while the real 
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The tensile modulus in the elastic region of the stress-strain curve was 5.4 + 1.6 GPa 
and 6.1 + 0.3 GPa for the X and Y direction respectively. A t-test revealed that these 
values are not significantly different from each other (p-value of 38%). This is expected 
as the (0/90/0/90)s should lead to very similar properties in both directions. However, a 
slightly higher modulus in the Y direction can be expected, because of the lower 
contribution of the outer ply to the overall stiffness [43]. 
Fig. 7 plots the longitudinal surface strain profiles along a CFRPP yarn in the X and Y 
loading directions. In both cases, the profile path is parallel to the loading direction. The 
location where these profiles were taken from, are indicated on the unit cell (see arrows 
on the insets in Fig. 7). The figure shows a typical profile from one of such locations. 
Both loading conditions reveal a periodic pattern, although the periodicity is more 
pronounced for the X loading direction. For the Y loading, the periodicity is less precise 
due to variations of the exact location of the CFRPP tapes. 
The peaks and valleys are likely to be related to the architecture of the hybrid fabric, as 
indicated in Fig. 7. The average distance between the peaks for X loading is 7.9 cm, 
which roughly corresponds to the periodicity of the unit cell. The peaks correspond to 
the locations of the compliant PP tapes over the CFRPP tapes, as shown in Fig. 7. The 
minima of the strain profiles for loading in the Y direction correspond to the positions in 
between the cross-over points of the CFRPP tapes. 
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Figure 8: Strain profiles normalised to a strain of 2%: (a) for X loading, and (b) for Y loading. 
4.2 Comparison with model results 
The in-plane homogenised properties of the meso-FE model were calculated using the 
periodic boundary conditions applied in the three in-plane load cases and are shown in 
Table 3. Swolfs et al. [12] has already applied the classical laminate theory (CLT) to the 
same (0/90/0/90)s layup. The obtained value was added to Table 3. The main difference 
between both predictions was that CLT ignored the yarn crimp and hence overestimated 
the stiffness. This had only a minor influence on the stiffness predictions, as the 
maximum crimp of CFRPP tapes was 0.6%. 
The homogenised Young’s moduli in both directions (see Table 3) are significantly 
higher than the experimental results: 5.4 + 1.6 GPa and 6.1 + 0.3 GPa for the X and Y 
directions, respectively. As shown by Swolfs et al. [12, 15], this difference is due to the 
fibre undulations that are inevitable during hot compaction. CLT and the meso-FE 
model do not incorporate these undulations, and therefore overestimate the stiffness. 
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The strong molecular orientation of the PP tapes results in a tendency to shrink at high 
temperatures [44]. This puts compressive stresses on the carbon fibres, leading to fibre 
undulations. 
The strain patterns in the matrix, warp, and weft yarns for the meso-FE unit cell of the 
hybrid composite are shown in Fig. 9, Fig. 10 and Fig. 11 for an applied strain of 1%. 
When comparing these patterns to the experimentally measured strain patterns (see Fig. 
5 and Fig. 6), one has to remember that the simulated patterns were calculated for a 
periodic and idealised layup with boundary conditions close to reality. The strain 
patterns for warp and weft yarns are shown for the outer layer in the meso-FE model. In 
the matrix, the strain patterns are shown at the traction-free surface.  
The periodic strain patterns in the matrix, warp and weft yarns were captured in the 
meso-FE models (see Fig. 9). The main features in these patterns are related to the 
crossover points of the CFRPP. The less pronounced variations of the strain fields are 
related to PP tapes crossing over each other. This is for example clear for the εxx, εyy 
strains in X loading of the matrix (see Fig. 9a and c), where a stress variation is 
observed when the CFRPP tapes go over and under a PP tape. The zoom region in Fig. 
9a reveals the tendency for the CFRPP tape to deform out of plane. This is a result of 
the applied load, which will tend to straighten the CFRPP tape. This pushes up the PP 
tapes that go over the CFRPP tapes (see Fig. 3). This can also be seen in zz fields (see 
Fig. 9e). These deformations are possible due to the presence of the free surface, as 
explained by Ivanov et al. [43]. The out-of-plane deformations also affected the in-plane 
deformations, creating large strain variations at the same locations. 
The magnitude of the strain variations is typically smaller for Y loading, as the load is 
applied perpendicular to the stiff CFRPP tapes. A peculiar pattern is observed in yy (see 
Fig. 9d), as the strain patterns do not follow the periodicity of the outer layer. Instead, 
the periodic pattern is caused by the CFRPP tape in the second layer, as this tape is 
aligned with the loading direction. Its tendency to deform out-of-plane (see zoom region 
in Fig. 9d) causes the strain variations on the surface of the matrix. These variations are 
of the same nature as was explained above for the case of X loading. The amplitude of 
the strain variations was however smaller, as it was “covered” by the presence of the 
surface layer. This remarkable feature, which is clearly revealed by FE calculations 
using the full laminate layup, would be difficult to deduce from the experimentally 
registered strain profiles. One-layer FE simulations also would not reveal it. 
The patterns observed in the matrix layer (see Fig. 9) are also visible in the warp (see 
Fig. 10) and weft yarns (see Fig. 11).  The patterns of the yarn deformations in X 
loading are similar to those on the matrix surface. The out-of-plane deformations are 
better perceived from the matrix strain maps, where they are clearly localised on the 
bumps of PP tapes intersecting with CFRPP tapes. This feature can also be seen on the 
warp strain maps (Fig. 11a, c and e). The straightening of the CFRPP tape can be 
observed on the strain maps of the weft yarns (Fig. 10a, c and e). Y loading strain maps 
are again less characteristic, as the patterns reflect interaction of layers rather than yarn 
deformations in the outer layer. 
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measured values, taking into consideration fibre undulations due to shrinkage, which 
was neglected by the meso-FE model. The surface strain profiles revealed similar 
features in experiments and simulations on the length scale of the yarn width. The 
meso-FE model predicted additional features on a lower scale that were averaged out 
during the 2D DIC analysis. It was also more sensitive to out-of-plane deformations that 
were not captured in the DIC analysis. 
Combining the embedded element method in meso-FE modelling with full-field strain 
mapping was found to lead to novel insights into the complex damage mechanisms of 
hybrid composites. This will be useful in analysing synergetic effects that often arise in 
hybrid composites, which is the next step in our study. 
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